An experiment is reported in which two designs of Berlin U-/S-Bahn network maps were compared for usability. One was conventional, based on standard schematic design rules used worldwide: Straight lines with tightly radiused corners, and only horizontal, vertical, or 45º diagonal angles permitted. The other was a novel concept, based on concentric circles and spokes radiating from a central point. The former has the benefit of simple line trajectories, the latter potentially has the benefit of a coherent overall appearance. The experiment investigated both an objective performance measure (time required to plan complex journeys) and a variety of subjective measures (choice between maps, ratings of statements associated with usability, direct ratings of usability). All subjects planned journeys using both designs.
horizontal). Many of these seem reasonable, and can shown to be compatible with theories of human cognition (see later). However, some criteria are somewhat subtle, and are more likely to have implications for aesthetic preference than measurable effects on journey planning. In any case, few of the individual prescriptions have direct empirical support, although Newton & Roberts (2009) report a study that shows that more complicated London Underground maps (in terms of bends in line trajectories) are associated with longer journey planning times. One problem with empirical studies to date on schematic map usability is that they have focused on comparing very differently conceived designs (e.g., Bartram, 1980; Bronzaft & Dobrow, 1984; Bronzaft, Dobrow, & O'Hanlon, 1976; Roberts et al., 2013; Rosenholtz, 2011 ; for a review, see Roberts, 2014a) rather than systematic investigations of variations in design rules and objectives. generated similar positive responses (e.g., Creative Review, 2013; Die Welt, 2013; Die Zeit, 2013; Gothamist, 2013; ITV News, 2013; Metro, 2013) . Commentators frequently express an opinion that such designs are clearer than official alternatives, and the author has received a request to reproduce the Berlin design in a city travel guide. Researchers into automated schematic map design have now implemented algorithms for creating concentric circles maps (Fink, Lechner, & Wolff, 2014) . From the point of view of the usability framework earlier, such designs have poor simplicity: The restricted rules mean that complex line trajectories are necessary. Conversely, such designs may have high coherence, forcing city networks into unprecedented levels of organization. This analysis forms the basis of the study reported here, comparing usability and preference between a concentric circles design and one using traditional octolinearity.
!
Concentric circles maps appear visually powerful, generating strong positive reactions amongst many users. However, there are good reasons to treat these responses with caution.
A recurring feature of research into schematic map design is that subjective ratings of usability have little or no correlation with objective measures. People can rate maps highly that they previously found difficult to use, and vice-versa. Hence, in the Paris Metro study earlier, Roberts et al. (2013) found that despite the superiority of the curvilinear map over the octolinear version in terms of objective measures, there were no differences between them for questionnaire ratings or preferences. Roberts (2014b) , in a preliminary analysis of a rating study of alternative London Underground maps, found that users were sensitive to differences in map simplicity within a set of design rules. For example, octolinear maps with simple line trajectories were rated as more usable and more attractive than octolinear maps with complex trajectories. However, ratings of matched maps with different design rules tended to be biased towards octolinear designs, considerably more so than would be expected on the basis of usability studies. Again, these findings are consistent with psychological literature. People tend to be poor observers of their own performance and have little insight into their own cognitive processes (e.g., Chabris & Simons, 2010; Kruger & Dunning, 1999) . Without explicit feedback, a user would simply be unaware of his or her own performance in terms of the time required to plan each journey. People are also susceptible to biases generated by expectations and prejudices. For example, the mere exposure effect is well-documented in psychology (e.g., Bornstein, 1989) . Repeated exposure to, and increasing familiarity with stimuli, results in more positive ratings compared with less familiar material. Furthermore, an important finding in the expertise literature is that novices in any domain tend to evaluate items according to superficial surface properties (e.g., Chi, Feltovich, & Glaser. 1981) . Hence an octolinear map might be over-favourably evaluated by a person who is familiar with such designs, but not an expert at usability issues.
! ! 10
! Taken together, the various competing factors mean that it is virtually impossible to predict the usability of concentric circles maps. Their poor simplicity of line trajectories may be compensated for by high overall coherence. Subjective responses have not been gathered formally, and so the positive reactions are even less trustworthy than those ascertained by questionnaires under laboratory conditions. Even so, these responses have been stronger than for any other experimental design released on the Internet and, presumably, have been expressed despite people's general expectations that schematic map design should be octolinear for maximum usability. However, another important consideration is that people tend to have aesthetic preference for curved objects as opposed to objects with sharp contours (e.g., Leder, Tinio, & Bar, 2011; Silvia & Barona, 2009 ). Hence, positive responses could reflect aesthetic evaluations of such designs, rather than assessments of usability.
designed manually by the first author using computer vector graphics packages, and matched for colour-coding, font size, and surface area. 1 Berlin was chosen for a number of reasons. It has a well-known circular line (S41/S42) and hence a concentric circles map is conceptually appropriate. For this city, the method of design presented few challenges; the structure of the network is not incompatible. Alternative cities were ruled out for various reasons. For example, London (the structure of the network dictates breaking the requirement that all straight line-spokes must radiate from the centre) Paris (a very unbalanced design results)
New York (there is no orbital line) and Moscow (the network is highly interconnected so that few indirect journeys require more than one interchange). The structure of the Berlin network means that many journeys can be devised that are complex in the sense that two interchanges will be necessary to complete them. This maximizes the likelihood of finding usability differences between designs. The octolinear map tested was not the official version, which is poorly optimized for simplicity of line trajectories. Both experimental designs omitted the long-distance rail services that are present on the official version, and the line trajectories of the octolinear design were optimized for simplicity. Participants were resident in London, and thus would be expected to be particularly familiar with octolinear schematics, and unfamiliar with the Berlin network. 
!
Subjects were asked to plan various complicated journeys (i.e., minimum two interchanges required) using both designs, one after the other. Each person therefore had experience with both maps, enabling the best-performing design for each individual to be identified. This is the first time that such a within-subjects design has been reported for a schematic map usability study -- Roberts et al. (2013) used a between-subjects design in which each person planned journeys using just one map, which limits the scope for comparisons between designs for individuals. A similar methodology was otherwise used to Roberts et al. (2013) : Usability measures included journey planning times, and planning errors (e.g., if a journey included an attempt to change between lines at a point where no interchange was shown), although it was not expected that either design would yield many errors. Journey durations were also estimated, primarily as a control variable, to ensure that, for example, a tendency for faster planning for one map was not traded off against longer, more roundabout journeys. Overall, journey planning time was the prime variable of interest.
A questionnaire, similar to Roberts et al. (2013) was administered after the journey planning task, so that subjects were asked to judge each map according to a number of questions on different aspects of design and usability. Finally, direct usability and attractiveness ratings were solicited, along with a request to express a preference for one map over the other.
Method

Subjects
Forty subjects took part in this experiment, 19 males and 21 females. They were unpaid volunteers from London South Bank University with a mean age of 30 years (SD 7).
Twenty-six of them had no previous experience with the Berlin network.
Materials
The maps for journey planning were printed to fit an A3 sheet and laminated. Three sets of journeys were assembled as follows: Roberts et al. (2013) . The main difference was that five point rating scales were used where appropriate (as opposed to seven points previously). For statement rating questions, the scale offered the options of strongly agree/agree/neutral/disagree/strongly disagree. For every question, a separate answer or a decision was required for each of the maps. The full set of questionnaire items was as follows.
Questions 1 to 15 were rating-scale questions as described previously. Asterisks denote questions which directly ask for opinions about aspects of design related to usability. This part of the questionnaire will be referred to subsequently as the statement rating task. 
16) Briefly, what, if any, aspect of each map did you like the most?
17) Briefly, what, if any, aspect of each map did you like the least?
Question 18 was a forced choice item, one map or the other preferred. This will be referred to subsequently as map choice.
18) Of the two designs you have used, which one do you think you would prefer for everyday use?
Questions 19 and 20 gave a range of frequency options.
19) Roughly how often do you travel by rail to make a journey in a town or city?
20) Roughly how often have you visited Berlin?
For questions 21 and 22, for each map, for each question, there were three options: easy to use/neutral/hard to use or attractive/neutral/unpleasant. These will be subsequently referred to as the usability rating and the attractiveness rating.
21) For each of three Berlin maps, please summarize how you feel about it by deciding whether, overall, you think that it is easy or difficult to use 22) For each of the three Berlin maps, please summarize how you feel about it by deciding
whether, overall, you think that it is attractive or unpleasant to look at ! ! 15
Design
All subjects planned journeys using both test maps, six journeys for one design, then six journeys for the other. Nineteen subjects planned journeys using the octolinear map first, the remaining 21 received the concentric circles map first. Primarily, this was a within-subjects design with Map Type (two levels, Octolinear versus Concentric Circles) as the independent variable. Measures of map performance included the time taken to plan a journey, planning errors, and an estimation of the duration that the planned journeys would have taken had they been implemented. Questionnaire data provided a means of assessing people's subjective ratings of map usability.
! Each subject was asked to plan journeys taken from two of the three sets of items. For example, Set 1 with the octolinear map, and Set 3 with the concentric circles map. The journey set selected, along with the order of presentation of maps, was counterbalanced to the greatest extent possible given the sample size. The order in which the maps were presented was also analysed to ensure that one order combination did not result in different patterns of performance to the other. Individual journeys were also analysed to ensure that any differences in overall usability between maps were not due to idiosyncrasies of just a few individual journeys.
Procedure
Subjects were tested individually at a desk or table in quiet surroundings. They were informed that they would be asked to plan a series of Berlin journeys using the supplied maps. They were to assume that the network was fully operational and that there were no cost considerations. They were given no guidance as to journey criteria or priorities, it was simply stated that they should devise the journey that they would choose if they were actually to undertake it in real life. They were also informed that they should only change between lines at designated interchanges shown on the map. ! Subjects were given an opportunity to view the first map while the initial instructions were given. One practice journey was administered, chosen at random from the unused set of items. There then followed the six test journeys presented in a random order. Each trial commenced with the experimenter placing the journey sheet indicating start and end stations above the A3 laminated map, and timing immediately commenced using a stop-watch. The participant was asked to plan the journey requested, using a dry-wipe marker. Once satisfied with the plan, a verbal announcement was made by the participant, timing stopped, and the
final chosen route was transcribed onto an A4 paper map by the experimenter. Following this, the experimenter cleaned all marks from the laminated map and the next trial commenced.
Once all six journeys were completed, the process was repeated with the second map, including a second practice trial chosen randomly from the unused set. When all journeys had been planned, participants completed the questionnaire with both maps in sight. 
Results
Objective Usability Measures
For each subject, means of the planning times were calculated for the six journeys for each map. For each journey, its duration was estimated by allowing two minutes per station and ten minutes per interchange. This is comparable with the heuristics that passengers themselves use (e.g., Vertesi, 2008) and ignores the variable interchange quality within most metro networks, which is virtually impossible to communicate via maps. The value of ten minutes is a worst-case scenario estimation, should an unknown interchange prove to be particularly long, and/or a train is just missed (see Guo & Wilson, 2011) . No subjects made any planning errors, and therefore these are not reported. Mean performance by map is shown in Table 1 . octolinear. This value is close to the difference in overall means between maps (5.7 seconds, see Table 1 ) indicating that performance is unlikely to have been skewed by a small number of outlier journeys that were particularly disadvantageous for the concentric circles map.
!
Overall, looking at objective measures of performance: In terms of the time taken to plan journeys, the octolinear design has a clear and unqualified advantage over the concentric circles map, being around 20% faster. This effect is highly consistent both looking at individual subjects and individual journeys. Also important, these findings demonstrate the viability of a within-subjects design experiment for investigating different maps: There was little or no evidence for performance at one contaminating performance at the other.
Subjective Usability Measures
Subjects were given the opportunity to express opinions on the maps in a variety of different ways via the questionnaire. The most straightforward was asking them to simply to choose which of the two maps they would prefer to use in a real setting, the map choice. Just 6/40 people expressed a preference for the concentric circles design. The statement rating task on the questionnaire permits a more sophisticated analysis. For this, an aggregate score was created using the 11 questions that are directly relevant to usability issues. Choice as the between-subjects factor, and Map Type as the within-subjects factor, the interaction between the two was statistically significant, F(1,37) = 17.9, MSe = 59.8, p < .01.
Hence, people's map choices are related to questionnaire ratings. Overall, people form strong opinions about the designs while using them, although not related to their performance, and these opinions have real consequences for whether a design is accepted or rejected.
Other Effects
Four items on the statement rating task were not directly related to aspects of map usability.
Three of these concerned self-reported strategic approaches to journey planning (a preference for direct routes, avoiding complex areas on the map, and making as few interchanges as possible). The two maps did not differ significantly for any of these. In conjunction with the almost identical estimated journey duration measures for the two versions (see Table 1 ) these suggest that the different designs were not leading to different journey planning strategies.
There was a significant difference for the question concerning geographical accuracy (mean ! ! 21 score 3.7, SD 1.1 for the octolinear map; 3.0, SD 1.3 for the concentric circles map), F(1,39) = 7.18, MSe = 1.36, p < .05 indicating that subjects believed that the octolinear design was the more accurate of the two.
!
Next it was investigated whether age and self-rated expertise --either at using rail transport in general, or direct knowledge of Berlin --might be related either to journey planning performance, or to a subjective assessment of the maps via the statement rating task.
The expertise measures are ordinal rather than parametric, but positive correlations would still be predicted. For example, people who reported more frequent visits to Berlin might be expected to plan journeys faster.
! There were no significant correlations between age and journey planning time for either the concentric circles map or the octolinear version. The greatest correlation was for journey planning time for the concentric circles map, r = .29, p > .05. The direction indicates that older people had a slight tendency to be slower at planning journeys with this map (the octolinear correlation was smaller, but in the same direction, r = .17, p > .05). The statement rating task aggregate correlations were even smaller, indicating no relationship between age and map evaluation. Roberts et al. (2013) likewise failed to find any clear relationships between age and performance. The maximum age in the current study was 50 years old, and it is likely that more extreme values need to be sampled to identify clear evidence of age effects.
Expertise correlations were similarly absent. The greatest value, r = -.15, p > .05, for the correlation between reported frequency of rail use and journey planning time for the concentric circles map, indicating slightly better journey planning performance for this map for more experienced uses, but was non-significant.
Discussion
There are a number of clear findings from this experiment. Most importantly, the conventional octolinear map outperformed the concentric circles design both in terms of an objective measure (journey planning time) and a variety of subjective measures. If we accept that the concentric circles map has a high level of coherence compared with the octolinear design, we can conclude that this is insufficient to compensate for the poor simplicity of its line trajectories. From the point of view of making prescriptions for designers of schematic maps, it would be reasonable to suggest that the first priority should be line trajectory simplification, attempting to improve coherence after this has been achieved. The positive ratings gathered informally for concentric circles designs appear to result from cursory impressions from brief overviews rather than actual attempts to use such maps, perhaps from male commentators, given the massive sex difference in attractiveness ratings found in the current study.
!
The results in this experiment might imply a close agreement between objective measures and subjective ratings of usability, but a closer look at the data suggests that, despite all subjects planning using both maps, the two types of measure are still uncorrelated. Those aspects of the maps that evoke opinions on them seem to be independent of those aspects that determine usability. By coincidence, these two aspects were unusually co-related for the particular maps in the current research. This corroborates and strengthens the findings by Roberts et al. (2013) , whose subjects only planned journeys using single designs. Specifically, subjects seem unwilling or unable to take account of journey planning performance when rating maps, usually leading to a dissociation between objective and subjective measures.
! A perennial problem for human factors research and usability studies is that generalizable findings are sought, but these can only be investigated by testing specific instances (Roberts, 2014a) . The current research prompts us to reject the specific concentric circles map tested, and to favour the particular octolinear design instead, but this does not allow us to reject the use of concentric circles maps in all cases, or even for the city of Berlin.
For example, it might be the case that although performing poorly initially, the coherence of the concentric circles map promotes better network learning than the octolinear one, so that with long term use its relative performance improves. It is also possible that the design here could be improved in terms of simplicity of line trajectories, again bringing its performance into line with the octolinear version. More generally, the concentric circles concept could be wrong for Berlin, but more effective for other cities with different network structures. For example, the Moscow Metro has a circle line, but the remaining routes are predominantly radial, crossing the centre of the city cleanly from suburb to suburb (Figure 6 ). Alternatively, although the New York Subway lacks any clear orbital line, a point of radiation just south of the tip of Manhattan permits a strong set of lines running the length of Manhattan, providing a ! ! 23 firm foundation to the map (Figure 7) . The key criterion, in all cases, is the extent to which the structure of the network is compatible with the design rules selected. In general, concentric circles designs present powerful images, which could encourage map engagement and more frequent use of public transport facilities for people whose aesthetic tastes are particularly resonant with this way of presenting information. Individual differences in schematic map preference are substantial, and perhaps could and should be accommodated by transport undertakings, by giving users a choice of design. 
The failure of the concentric circles map in the current study should also not be overgeneralized by concluding that all 'non-standard' approaches to schematic mapping are flawed, and that octolinearity really is a gold standard after all. This was disproved by Roberts et al. (2013) . In general, the design rules for a map should be chosen so that, in conjunction with the network structure, the objectives of an effective schematic map, simplicity, coherence, balance, harmony, and topographicity can be best achieved. This may require experimentation with different levels of linearity, or the creation of entire design sequences (Roberts, 2012) . At the very least, such a process will heighten the awareness of the designer as to the different solutions possible for creating a schematic map for a particular network, and the unique troublespots and difficulties that the network may present. Even so, it is clear from the current results that usability studies are required before any controversial design is put into production.
Objective usability testing will continue to be the needed until either of the following are satisfied. First, until we possess theories of design, cognitive planning processes, and measurement of usability derived from an analysis of the maps themselves, such that design may be guided and successful predictions made concerning usability. This could take the form, for example, of various algorithms for measuring different aspects of a schematic map, and these being combined into a single effectiveness measure so that different designs can be rank ordered. If this could then be shown to be correlated with actual measures of usability, then there would be no need for extensive testing in the future. Measurement of design parameters is an integral component for researchers who are attempting to create computer algorithms that automate schematic map design (e.g., Nöllenburg & Wolff, 2011; Stott, Rodgers, Martinez-Ovando, & Walker, 2011) and so this grand objective is not completely far-fetched. Second, objective usability testing could be dispensed with if it is possible to identify methods of gathering subjective ratings which are highly correlated with objective performance measures. This is particularly important because of cases such as Roberts et al. (2013) , where the most usable map was chosen by only 50% of subjects. Dissociations between objective measures and subjective ratings are commonplace in this domain. The problem is that usability studies can be time consuming to perform and require large sample sizes. User ratings are quicker to gather, and in many cases are the preferred means of design evaluation. They are real, in the sense that they do determine the acceptability of designs, but so far it has proved difficult to identify the underlying factors of design which drive reactions and responses, and to disentangle the different dimensions of perceived usability and attractiveness.
The questionnaire (via questions 16 and 17) gave subjects an opportunity to make brief written comments on the designs concerning the most liked and disliked features of each. The caveats identified earlier concerning difficulties with people's awareness of their ! ! 26 performance and cognitive processes would be expected to apply equally to written responses, but these could conceivably point towards aspects of the designs that were particularly salient to subjects, and drove their overall assessments. Their responses were placed into broad categories, including attractiveness, clarity/complexity (e.g., a simple statement that a particular design was clear, or an individual aspect of it, such as straightness of line trajectories, or navigability of interchanges), familiarity, geographical accuracy, orientation/ organization (statements tending towards a more global evaluation of the coherence of the design), and usability (unqualified statements simply stating that a design was easy or difficult to use). Overall, the octolinear map was overwhelmingly liked for its clarity/(lack of) complexity (17 statements), and the familiarity of its design rules (11 statements) but the most frequently stated dislikes were also concerning (lack of) clarity/complexity (7 statements) plus (dis)orientation/(dis)organization (5 statements). Seventeen subjects declined to identify any disliked aspect. As might be expected for an unusual design, responses to the concentric circles map were less consistent. Nine statements indicated a liking of its clarity/(lack of) complexity, five its attractiveness, and five its orientation/organization. Dislikes were more consistent, with nine statements alluding to the perceived (lack of) clarity/complexity of the map, and fourteen to its (dis)orientation/(dis)organization. Frequent comments were that the design was disorientating to look at, and the predominance of circles gave the impression that journeys would be roundabout and indirect. This final aspect could be the key to the statement rating task aggregates being uncorrelated with journey planning times, and hence objective and subjective measures being dissociated. Some subjects may have perceived that the routes ! Finally, it is important to comment on the methodology used in this study, as certain aspects of it could be criticized. The first potential complaint is that by testing UK university students, the subjects were somehow special, and by being unrepresentative, their data are unrepresentative. This might have been a more valid criticism thirty years ago when fewer school leavers went to university and universities were more selective. For this complaint to carry any weight, it would have to be argued that some (unspecified) quality of this sample rendered the concentric circles map uniquely difficult for them, and that this design would yield excellent performance if tested on the general population. There are no good reasons to expect difficulty reversals in university samples versus the general population, nor to expect different patterns of data from questionnaire ratings. The second potential criticism is that real journeys were not planned and undertaken, so that a planning task, such as the one implemented here, yields different behaviour compared with actual map use. Again, a convincing reason would be necessary to explain how this could result in difficulty reversals in experimental versus field situations, and it would be a brave transport undertaking that put the concentric circles map in production in the light of these data, and a wealthy one that decided to commission further field studies despite them. The third potential criticism is that just one objective measure of performance was taken: times taken to plan complex journeys (although estimated journey duration was taken account of, and there was the potential for subjects to make journey planning errors). This criticism is acknowledged. There are other aspects of map use that should be investigated, such as station finding and network learning.
Other methodologies include analyses of the perceptual properties of schematic maps (e.g., Rosenholtz, 2011 ) and use of gaze tracking methodology (e.g., Burch et al. 2014) . Clearly, diverse measures of performance in relation to map design are highly desirable, so as to obtain convergent measures of usability, and to obtain a fuller picture of how users engage with these ubiquitous and yet widely misunderstood methods of visual information communication.
! ! 28
Footnote 1. The key to designing a concentric circles map is to identify the central point of radiation. A poor choice will result in an unbalanced design, and difficulty in configuring radial elements.
For Berlin, irrespective of the design rules, the main problems in configuring the design come from a dense sequence of stations on U2 from Stadtmitte to Alexanderplatz, and projected stations on U5 from Alexanderplatz to Unter den Linden. To the west of this, the need to place dense stations on U1/2/3 from Gleisdreieck to Wittenbergplatz restricts possible solutions. A central point of radiation corresponding to Stadtmitte permits sufficient space to configure both difficult regions; Other centres cause one or the other to become over-compressed. Once these two areas are configured, the construction of the remainder of the map can flow outward from them, attempting to keep line trajectories simple and the design balanced and compact.
Accommodating station labels is the prime determinant of circle radius. A decision must be made as to whether each element is radial or orbital ! The octolinear map was created as part of a sequential analysis performed by Roberts (2012) in which, by systematically exploring design rules, the theoretical minimum number of corners for each line for this network was established. U1 was chosen to be a straight line to ground the design with a horizon, and S1/2/25 to give a clear vertical axis. The limitations for any linear design arise when actual line trajectories do not match the angles available, so that zig-zags are required in order to correct them. On the octolinear map, this is evident on U9
between Zoologischer Garten and Westhafen.
!
The structure of the Berlin network means that a compact legible schematic map without topographical distortion is impossible, and even more distortion results from the design priorities applied to the two creations here, but an effort was made to ensure that relative positions of nearby stations were not distorted.
